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Abstract - Aim of this work is the design of a programmable electronic system for monitoring the 
environmental parameters and managing the electrical functions of a thermo-solar plant. The 
designed control unit detects data from temperature and light sensors, processes acquired 
information and commands external equipments (pumps, electric valves and power supplies) in 
order to optimize plant performances and maximize efficiency and energy savings. Recently several 
researches, in the field of solar thermal energy production, have demonstrated that nanofluid-based 
solar collectors present higher conversion efficiency. In this context, the designed control unit can 
be used to detect their operation parameters in order to compare the performances of nanofluid-
based solar collector with those of traditional one. The electronic experimental setup is capable to 
monitor, at the same time, the two different types of solar collector in similar environmental 
conditions and to show on touch screen display the detected performances. In order to have 
reference data, experimental measurements have been carried out by using traditional water and 
Al2O3–based nanofluid thermo solar collectors. The obtained experimental data showed the benefit 
in terms of efficiency in the use of nanofluid as heat transfer fluid in such a system. 
 
Index terms: Control systems; electronic equipment; measurement; multisensor systems; signal 
processing; solar energy; solar thermal converters; energy savings. 
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I. INTRODUCTION 
This work regards on the design of an electronic equipment for managing thermo-solar plant’s 
operation by detecting physical parameters and controlling actuation systems for 
opening/closing of electric valves and enabling/disabling of auxiliary heating systems. In 
addition, the control unit is able to manage a set of visual/audible feedbacks for faults 
reporting and maintenance request. 
A thermo-solar plant, as shown in Figure 1, uses a black-surface absorber panel that receives 
the solar energy, transforms it into thermal energy that is transferred, by heat exchanger in 
which a heat transfer fluid circulates, to the water contained in the storage tank. The fluid 
circulation management is obtained by means of electronic sensors that compare the 
temperature of heat transfer fluid (sensor TS1) with water temperature (sensor TS2) in the 
tank. Moreover, the shown plant includes a light sensor (TL1) for measurement of solar 
radiation, an electric valve R1 for control of forced circulation pump and a relay switch R2 for 
enabling/disabling the auxiliary gas boiler which can integrate the solar collector operation in 
case of low or absent solar radiation [1-3]. 
The designed monitoring system is accessible via PC on site by RS232 serial cable and from 
Android-based mobile devices connected to the internet network for remote monitoring. Han 
et al. [4] presented a smart home energy management system for optimizing home energy use, 
with ZigBee-based devices for monitoring energy consumption of home appliances and lights 
and with PLC-based modules for monitoring the renewable energy generation. Pasamontes et 
al. [5] have developed a parameterizable non-linear dynamical hybrid model for low-
temperature solar energy facilities composed of a solar thermal flat collector field, one or 
more accumulation tanks, connected in series, and a gas heater. 
With the aim of maximizing efficiency in the energy use/generation, the programmable 
monitoring systems of energy production facilities became increasingly important in order to 
ensure energy savings, plant’s correct operation and rapid detection of any fault or 
malfunction  [6-11]. 
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Figure 1. Generic thermo-solar system managed by designed control unit. 
Innovative heat transfer fluids have been proposed to enhance efficiency of thermal solar 
collectors, based on mixing of solid nanoparticles (<100 nm) of metal or metal oxide with 
traditional heat transfer fluids as water, ethylene glycol, oil, etc. These suspensions, called 
nanofluids [12], can be employed in flat solar panels in order to increase efficiency of the 
systems.  
However, it is necessary to take into account that solid phase of nanofluids could yield 
sedimentation and, thus, a decrease of thermal performance of nanofluids and clogging. For 
this purpose Colangelo et al. [13]13,14] designed a modified nanofluid solar collector to limit 
sedimentation. The new developed collector consists in a modified cross section both for top 
and bottom header, through a shaped element. Water-Al2O3 nanofluids with nanoparticle 
concentrations from 1% up to 3% (volume fraction) were used to estimate the reduced 
sedimentation. 
Yousefi et al. [15] investigated nanofluids effect in a flat plate solar collector using water-
Al2O3 dispersion at a weight fraction of 0.2% finding an enhancement of 28.3% in 
comparison with water-only as heat transfer fluid. Chaji et al. [16] studied the effect of TiO2 
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water based nanofluid inside a small flat solar collector, with 0.1, 0.2 and 0.3%wt of solid 
phase concentrations. An index of collector total efficiency was used to compare the different 
experimental conditions; an enhancement between 2.6% and 7.0% was obtained. Moghadam 
et al. [17] studied the effect of CuO – water based nanofluid with 0.4% volume of 
nanoparticle concentration and average diameter of 40 nm. Efficiency enhancements of 4.74% 
and 21.8%, compared to water efficiency values, have been obtained with a mass flow rate of 
2 and 1 kg/min respectively [18]8,19]. 
Finally, Bianco et al. [20] developed an analytical investigation of entropy generation of 
Al2O3-water based nanofluid in turbulent convection inside a circular cross section tube, 
subjected to constant wall temperature, in order to understand if there are optimal working 
conditions. The experimental results showed that, according to the inlet condition, there is a 
substantial variation of the entropy generation; particularly when Reynolds number is kept 
constant, there is an increase of entropy generation, whereas when the mass flow rate or 
velocity are taken constant, the entropy generation decreases. 
 
II. EXPERIMENTAL SETUP FOR THERMAL AND ELECTRICAL PERFORMANCE 
OF TRADITIONAL AND NANOFLUID-BASED SOLAR COLLECTOR DETECTED BY 
DESIGNED CONTROL UNIT 
The designed electronic equipment is able to measure the performances of nanofluid-based 
thermal solar plant compared to those of traditional one. In Figure 2 it is shown an 
experimental setup for temperature level’s detection of the heated fluid and water in the tank 
and for measurement of radiation level on the solar panels, in order to compare the 
performance of traditional and nanofluid-based solar plants. 
The electronic setup, equipped with touch-screen display, is capable to monitor at the same 
time the two different types of solar collectors with similar environmental conditions, to 
process the acquired information related to physical parameters of tested solar systems for 
comparing their performances. In this way, it’s possible to estimate the actual improvements 
in heat production (by TS3/TS1 sensors) and in thermal energy exchange (by TS4/TS2 
sensors) in nanofluid-based collectors respect to traditional ones. 
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Figure 2. Example of experimental setup for performance comparison between traditional and 
nanofluid-based thermal solar collector by means of designed electronic control unit. 
Instead, in order to characterize the energy behavior of solar thermal collector as single 
component, a measurement campaign has been carried out by using an experimental setup 
designed and built in our laboratory; with reference to this research activity, in the Figures 3a 
and 3b is shown the realized experimental setup for efficiency determination of tested solar 
thermal collectors. 
With reference to the Figure 3a, nanofluid flows, by means of a pump (#13), in a closed 
hydraulic loop, equipped with an expansion tank (#9). The system is equipped with a solenoid 
valve (#11) on a bypass for adjusting flow-rate of nanofluid and a safety valve (#8) to protect 
the system from overpressure. Mass flow-rate is measured with a Coriolis flow-meter (Micro 
Motion® series F025S (#5)). Efficiency measurements were made over a temperature range 
between ambient temperature and 80°C, under clear sky conditions. Inlet temperature is 
adjusted by band heaters (#12) and controlled by a PID electronic control circuit. Thermal 
equilibrium is guaranteed by a shell and tube heat exchanger (#14) and by an air-water heat 
exchanger (#15). 4-Wire PT100 temperature sensors (#6) are used to measure both inlet and 
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outlet temperatures of heat transfer fluid of the solar collector and heat exchangers. Another 
PT100 sensor (#6a) is used by PID circuit of band heaters. The system has two pyranometers 
(LP PYRA 02, Delta Ohm srl): the first one (#2) measures the direct irradiance while the 
second one (#3) measures the diffuse irradiance. An anemometer (#4) and a thermometer 
(#17) measure wind velocity and air temperature respectively. A ventilator is placed in front 
of the panel to guarantee a constant air speed over the collector (#16). 
 
 
Figure 3.  Experimental  setup  for  performance  measurements  of  nano-fluid  solar    
thermal  collector:  its  functional  scheme  (a)  and   real  view  of  experimental  setup      
built  in  our  laboratory (b). 
(a) 
(b) 
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The nanofluid solar thermal collector, used in this experimental campaign and shown in 
Figures 4 and 5, has been built entirely in our laboratory with commercial materials. Its 
design is that of a typical solar thermal collector with the exception of the top and bottom 
headers, that have been designed and built following the specifications of Colangelo et al 
[13,14]. For both top and bottom headers, the copper tubes with inner diameter of 20.0mm 
and thickness of 1.0mm respectively were used, while copper tubes with inner diameter of 
10.0 mm and thickness of 1.0 mm respectively were employed for riser tubes. The tubes were 
fixed on a 1332 x 860 mm copper plate through thermal adhesive. 
Tubes and copper plate, called absorber, were coated with a black paint (as shown in Figure 
4b). A copper wedge shaped element was inserted inside top and bottom header to maintain a 
constant flow velocity in order to avoid sedimentation phenomenon of used nanoparticles in 
the heat transfer fluid. The thermal insulation of the solar collector has been provided through 
a polyurethane panel and a glass wool mattress in the rear and a polycarbonate panel in the 
front. The used materials are cheap and guarantee a good thermal performance. 
 
 
Figure 4. Realization steps of the innovative flat panel solar thermal collector, designed and 
built in the laboratory: tubes and copper plate (a) fixed and coated with black paint with 
absorbent function (b). 
(a) 
(b) 
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Commercial Al2O3 nanoparticles and distillated water were used to prepare nanofluid with a 
high volume fraction of 3.0% of nanoparticles, with spherical shape, density of 3700 kg/m
3
 
and average diameter of 45 nm. The suspension was mixed with a magnetic stirrer at 700 rpm 
for 60 minutes and vibrated in an ultrasonic bath at 59 kHz and 285 W for 180 minutes in 
order to break the nanoparticles clusters for improving their stability. Finally, a second mixing 
with magnetic stirrer was made. Alumina nanoparticles were chosen because they have a 
good stability in water and are cheaper than other materials and hence they give a good 
compromise considering stability, costs and thermo-physical properties of nanofluids. 
Other works used lower nanoparticle concentrations [15, 16, 17, 21] to avoid inevitable 
sedimentation problems and to reduce pumping problems. In this work, it was possible to 
obtain experimental data using high nanoparticles concentration, due to the peculiar design of 
the header tubes of new solar collector, thus avoiding sedimentation problems. 
 
Figure 5.  Internal structure of home-built nanofluid solar thermal collector: particulars of the 
thermal insulation. 
 
Glass wool 
mattress 
Polyurethane 
panel 
Polycarbonate 
glass 
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III. HARDWARE STRUCTURE OF CONTROL UNIT: DESIGNED BOARD 
INTEGRATED WITH BOLYMIN BE635 SYSTEM 
The realized control system can manage different types of thermo-solar plants, pilot different 
actuators (motors, pumps, valves) and detect fluid temperatures in different components (solar 
collectors, boiler, pools, heating systems). With a dual role of brain and graphical interface, it 
was selected the BE635 Bolymin device, a board carrying on a 32-bit microcontroller as 
processing unit and a 3.5'' LCD 320x240 pixels touch screen display, controlled by PIC 
through a specific circuitry. The back of BE635 module with control and driving electronic 
sections is shown in Figure 6 (on top side, the LCD display). 
Another board realized to be added to BE635 device through proper connectors, has the 
circuital sections for temperature sensing, signal conditioning and actuation of external devices 
by power relays. The block diagram of this designed board is shown in Figure 7; the electrical 
features and relative functionalities will be now presented and discussed (Microchip MCU in 
Figure 7 is installed on BE635 device shown in Figure 6). 
 
Figure 6. Bolymin BE635 module: back view with control and driving board. 
 
The power relays are controlled by 24V DC voltage; each relay has a coil pin connected to 
24V and the other pin to an output of ULN2003A relays’ driver. The input pins of driver are 
connected to five logic outputs of PIC; when these last are high (5V), the corresponding 
driver’s output is led to 0V creating the potential difference on the coil for activating the relay. 
Conversely, when PIC output is low, the corresponding driver’s output is at 24V, leaving the 
relays deactivated. 
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Figure 7. Block  diagram of  realized sensing/actuation (S/A) board with PIC on BE635 
module for information processing. 
 
Regarding the sensing section, PT1000 thermo-resistors are used (with resistance variation 
from 687.3Ω at T= -79°C to 2839.7Ω at T=599°C with ∆R=4Ω for each degree). Such T-
sensors, connected to power supply in voltage divider configuration (see the Figure 7), 
generate a variable voltage Vsensor as function of external temperature. Vsensor is connected 
to analog input pin of PIC’s ADC for A/D conversion and processing. MCU device is 
installed on BE635 module while other components are on board the sensing/actuation unit 
and interconnected to PIC through connectors on Bolymin device. 
IV. DESIGN OF DC POWER SUPPLY, SIGNAL ACQUISITION AND ACTUATION  
CIRCUITAL  SECTIONS 
24V DC supply voltage must have some minimum requirements in terms of output current. 
Each circuital section has its current absorption that contributes to overall consumption as 
shown in circuital scheme of Figure 8. First contribution is the Ir current absorbed from 
actuation section, composed by ULN2003A IC driver and the relays; this current reaches 
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maximum value of 130 mA. Second contribution is IDC/DC current absorbed by DC/DC 
MC34063 converter that feeds BE635 system (maximum current absorption 220 mA). 
 
Figure 8. Current absorption from different sections of designed control system. 
Due to ripple and fluctuations, the 5V DC output voltage got by 24/5V MC34063 converter is 
not a stable voltage reference to supply sensing circuit. Such oscillations would modify 
current in T-sensor branches causing a variation of Vsensor voltage. In order to avoid this 
case, the Microchip MCP1541 voltage reference has been used in order to provide a 4.096V 
stabilized output voltage. 
For optimizing the temperature detection resolution, a non-inverting amplifier stage amplifies 
Vsensor at the terminals of  T-sensor in order to obtain the whole 0-5V range as input of PIC’s 
ADC. Figure 9 shows the acquisition section: the stabilized generator MCP1541 feeds each 
voltage-divider branch with PT1000 T-sensor. The gain stage amplifies detected Vsensor and 
shifts it in amplified interval by connection of R1 resistance to Vpart DC voltage. The 
maximum current ISENS supplied from MCP1541 is  2.4mA; this value is added to 
MCP1541 current need for its own functioning ( 0.1mA), obtaining overall I_VR = 2.5mA. 
Considering a power efficiency of 80% for MC34063 DC/DC converter, it results: 
Output Power MC34063 = VDD * (I_VR + Id) = 1.263 W 
Input Power MC34063    = 1.263W / 0.8 = 1.578 W 
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The total current required to supply MC34063 DC/DC adapter is IDC/DC = 1.578W/24V = 
66mA; adding to it, the Ir current absorbed by actuation section, the external 24V supply 
voltage must provide a total current of 220 mA, for a power dissipation of 24V*0.22A = 5.3 
W. Thanks to the use of 4.096V stabilized voltage and accuracy of Vsensor and Vpart 
voltages, from simulations of designed circuits, an output voltage variation of 11mV/°C is 
obtained; the amplitude of 10-bit ADC’s quantization interval is  4,9mV resulting a 
temperature resolution of 0.5°C. 
 
Figure 9. Designed  acquisition circuit powered by not-stabilized 5V and 24V voltage and 
stabilized 4.096V voltage for accuracy requests. 
A flow diagram related to system operation for controlling hot water temperature and 
integration of primary solar heating system with secondary gas powered unit is shown in 
Figure 10. 
 
1) At the beginning, enabled heating system is only the solar one getting energy savings: R1 
pump of the solar collector is active while gas boiler is disabled by R2 switch off. 
 
2) Realized control unit reads the water temperature in the tank by means of TS2 sensor and 
compares it with a threshold value, set by user. 
 
a. If read value is greater than the threshold, the managing program returns in the initial 
state and repeats the water temperature control. 
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b. If it’s lower, it means that solar collector is unable to heat the water sufficiently and the 
control system enables the auxiliary gas boiler (R2 switch ON). 
 
3) The control system looks for causes of problem in step 2b, detecting LS1 light and TS1 
temperature sensors and comparing the acquired values with two pre-set thresholds. 
 
a. If TS1<Tthr and LS1<Lthr, reason of low heat production is the low solar radiation. The 
control algorithm enters in a fluid temperature control loop: if water temperature remains 
low then gas boiler stays activated, only when water temperature increases higher than 
threshold, the system returns to its initial state. 
 
b. If TS1<Tthr and LS1>Lthr, reason of low heat production is a malfunction of solar 
collector; then, the program sends a maintenance request and returns to the temperature 
control loop, waiting for repair intervention. 
 
 
c. If TS1>Tthr and LS1>Lthr, reason of low water temperature is the large demand of hot 
water, coming out too fast from storage tank. In this case, the program integrates the solar 
collector, switching on the gas boiler until TS2 will increase over the threshold value and 
the controlled facility will return to initial state. 
 
 
Figure 10. Flow chart implemented by firmware installed into the Microchip PIC32 
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V. REALIZATION AND TESTING OF  CONTROL SYSTEM 
 
After completing simulation and design steps, a prototype of S/A board was realized for 
verifying its correct operation and communication with processing/interface (P/I) module. For 
allowing association between components and circuital sections, the different areas were 
indicated in Figure 11; with red line is enclosed the sensing/conditioning circuit, with the blue 
one the DC/DC converter, in the green box the actuation circuit and in the orange one the real 
time clock. 
Thanks to a test software preloaded on BE635 device, data transmission and processing of 
operating commands between the two modules were tested for verifying correct operation and 
so allowing future PIC’s programming that will manage these features in automated mode. 
Figure 12 shows the realized experimental setup (in the yellow box, the different resistive 
loads connected to sensor inputs of the S/A module). 
 
Figure 11. Realized prototype with sensing/actuation functionalities. 
 
Figure 13 shows two screenshots of the display embedded on BE635 module concerning the 
detection of voltage values from temperature sensor inputs (resistive loads of Figure 12) with 
address 000 (variable resistance, shown in Figure 13a) and from input with address 001 (2kΩ 
resistor, reported in Figure 13b). 
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Figure 12. Testing of communication between S/A and P/I boards; on sensor inputs of S/A  
module, different resistive loads were connected (yellow box). 
   
Figure 13. Visualization, on display of P/I BE635 module, of signals detected from sensor 
inputs after proper multiplexer addressing: values from variable potentiometer with 000 
address (a) and from 2kΩ resistor with 001 address (b). 
 
As final test, a real PT1000 thermo-resistor was used to detect external temperature measured 
by digital instrumentation (in the inlet of Figure 14a). At 18.2°C, PT1000 sensor exhibits a 
resistance value equal to 1070.2Ω and so the voltage value expected at the output of gain stage 
was about 1.03V, as shown in software simulation screen reported in Figure 14b. 
(a) (b) 
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The voltage signal is provided, by correct addressing of multiplexer, to PIC’s ADC input for 
detection and subsequent visualization through ADC test application as shown in Figure 14c. 
Display of P/I module shows a consistent measured value (1V). 
 
 
Figure 14. Final testing of S/A and P/I modules with connected a PT1000 T-sensor (a) (in the 
inset, temperature detected by digital instrument); software simulation of gain stage (b) and 
viewing, on display, of detected voltage (c). 
VI. EXPERIMENTAL RESULTS ON NANOFLUID-BASED THERMAL SOLAR 
COLLECTOR 
The efficiency of thermal solar collector was investigated through a comparison between 
water - Al2O3 nanofluid at 3.0% Vol concentration and pure water as working fluids by using 
the nanofluid solar thermal collector shown in Figures 4-5 and designed as suggested by 
(a) 
(b) (c) 
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Colangelo et al [13,14]. The reported volume fraction of Al2O3 solid phase was chosen on the 
basis of the experimental investigations previously carried out by Colangelo et al. [14]. 
A steady-state method is used to calculate solar collector’s efficiency, according to EN 
12975-2 standard; the relative test conditions are reported in the Table I [22]. The thermal 
efficiency tests were carried out, using both pure water and Al2O3 - based nanofluid as heat 
transfer fluids, in several months of the year, testing the solar collector at different reduced 
temperature differences T
*
m, defined as follows: 
𝑇𝑚
∗ =
𝑇𝑚−𝑇𝑎
𝐺
 
where Tm is the mean temperature, Ta the ambient air temperature and G the global solar 
irradiance measured by means of pyranometers. 
The global solar irradiance (G) was measured with a ± 50 W/m
2
 deviation, while the ambient 
air temperature (Ta) with a deviation of  ± 1°C. 
The mass flow rate was measured with an uncertainty Um ̇ <1.0%. Uncertainties for outlet and 
inlet temperatures, UTout and UTin, were less than 0.1 °C. Solar radiation was measured with an 
uncertainty UG<2.0%, while the complex uncertainty, Uη, was calculated with equation (2) 
and it was between 0.90% and 5.76%. 
    
𝑈𝜂 = √(
𝜕𝜂
𝜕?̇?ℎ
𝑈?̇?)
2
+ (
𝜕𝜂
𝜕𝐺
𝑈𝐺)
2
+ (
𝜕𝜂
𝜕𝑇𝑜𝑢𝑡
𝑈𝑇𝑜𝑢𝑡)
2
+ (
𝜕𝜂
𝜕𝑇𝑜𝑢𝑡
𝑈𝑇𝑖𝑛)
2
 
Table 1. Experimental test conditions and deviation. 
 
(1) 
(2) 
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The values of mass flow-rate were close to those used to investigate sedimentation of 
nanofluid inside the solar collector with transparent tubes [13]. The flow rate variation was 
less than 10.0% from one test period to another one, as required by EN 12975-2 standard. 
The testing procedure consists in measuring parameters needed to calculate efficiency of 
thermal solar collector at a fixed inlet temperature, which is controlled by the electronic 
control board. A pre-conditioning period, larger than 15 min, is necessary before the 
measurement period starts. The measurement time must be not less than 10 min, as required 
by EN 12975-2 standard. 
As reported in Figure 15, the highest obtained value of efficiency, measured using pure water 
as working fluid inside the thermal solar collector, has been of 49.21%, with a reduced 
temperature of 0.00958 °C·m
2
/W, which corresponds to an inlet temperature of 30.62 °C, an 
ambient temperature of 24.34 °C and a solar irradiance of 987.63 W/m
2
. On the other hand, at 
a reduced temperature of 0.04121 °C·m
2
/W, the lowest efficiency value of 32.85% has been 
obtained; in this case, inlet water temperature, air temperature and solar irradiance were 66.35 
°C, 33.59 °C and 840.78 W/m
2
 respectively. 
When using Al2O3 - based nanofluid as heat transfer fluid, the highest efficiency value of 
54.12% was obtained at inlet temperature of 37.09 °C, ambient temperature of 33.37 °C and 
solar irradiance of 849.06 W/m
2
; at these conditions, the reduced temperature was 0.00804 
°C·m
2
/W. The lowest efficiency of 45.70% was obtained at reduced temperature of 0.04099 
°C·m
2
/W, for inlet temperature of 64.31 °C, ambient temperature of 32.60 °C and solar 
irradiance of 839.88 W/m
2
. 
Thus, the best results were obtained with Al2O3–water nanofluid, in the investigated reduced 
temperature difference ranges. For values of the reduced temperature in the range 
0.008÷0.009 °C·m
2
/W, the efficiency of solar collector with pure water has been measured to 
be between 47.47% and 48.47%, while with nanofluid as heat transfer fluid, it was between 
51.53% and 54.12%. Hence, the average efficiency, measured in the above reported ranges, 
was 48.26% for pure water and 52.99% for nanofluid respectively. 
Therefore, the difference between these average efficiencies is about 4.7%. With a similar 
data elaboration, at a reduced temperature between 0.015÷0.017 °C·m
2
/W, the measured 
average efficiency was 42.99% for water while, using Al2O3 - based nanofluid as heat transfer 
fluid at the same conditions, the average efficiency was 51.37%, with an  improvement of 
8.4% . Instead, an improvement of the average efficiencies of 11.7% was obtained at a 
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reduced temperature in the range 0.02÷0.03 °C·m
2
/W and similar efficiency gains at greater 
reduced temperatures have been observed. 
In conclusion summarizing the carried out efficiency measurements, the use of water-Al2O3 
nanofluids, with very high nanoparticles concentration, yielded an increase of about 7.0% of 
the zero loss collector efficiency (at Tm
*
= 0) by using nanofluid (from 0.517 for water to 
0.553 for nanofluid). 
1  
Figure 15. Experimental measured efficiency (normalized ƞ variable in [0÷1] range) of a solar 
collector using pure water or Al2O3 nanofluid. 
In Table 2, the experimental results plotted in Figure 15 have been reported, in order to help 
the reader to have a complete map of obtained experimental data. For similar 𝑇𝑚
∗  values, the 
efficiency ƞ of nanofluid-based solar collector is always higher respect to ƞ values using pure 
water with a maximum gain efficiency of 11.7% for 𝑇𝑚
∗  in the range 0.02÷0.03 °C·m
2
/W. 
Ƞ
 [
0
÷
1
] 
T
*
m  [°C·m
2
/W] 
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Table 2. Experimental results relative to solar collector’s efficiency with pure water and 
Al2O3 nanofluid; the highest obtained values of efficiencies highlighted with green colour 
whereas the lowest efficiency values in red colour. 
 
T*m  [°C m
2
/W] η-water 
[%] 
Uη (%) T*m                        
[°C m
2
/W] 
η-nanofluid   
[%] 
Uη (%) 
0.00855 47.47 0.69 0.00804 54.12 0.91 
0.00958 49.21 1.49 0.00871 51.53 3.30 
0.01004 48.32 0.89 0.00934 52.60 2.20 
0.01512 43.89 1.05 0.01604 50.89 1.10 
0.01576 43.46 1.04 0.01616 53.14 2.85 
0.01646 43.40 0.94 0.01636 50.18 0.79 
0.01702 41.23 1.07 0.01731 51.30 2.24 
0.02393 39.84 1.23 0.02351 51.06 2.12 
0.02396 42.29 1.42 0.02401 50.46 1.20 
0.02471 38.99 1.05 0.02601 52.27 0.72 
0.03839 35.20 2.41 0.03805 47.0 1.94 
0.04051 34.75 1.74 0.03971 46.99 2.61 
0.04121 32.85 2.04 0.04099 45.70 2.12 
VII. CONCLUSIONS 
Each performed electrical test on realized prototype of the measuring / monitoring system 
gave a positive result and then a dedicated firmware has been implemented and installed on 
PIC of P/I module, for automated execution of the desired functionalities. In a final test on 
field, the designed electronic equipment will be tested for managing and monitoring of a real 
solar thermal plant in order to estimate energy savings by means of integration with auxiliary 
heater systems [23-24]. 
 
P. Visconti, P. Primiceri, P. Costantini, G. Colangelo, and G. Cavalera, MEASUREMENT AND CONTROL SYSTEM FOR THERMO-SOLAR 
 PLANT AND PERFORMANCE COMPARISON BETWEEN TRADITIONAL AND NANOFLUID SOLAR THERMAL COLLECTORS
1239
 21 
By using the realized electronic system, several experimental measurements have been carried 
out in order to calculate and compare the efficiency of traditional and nanofluid-based thermal 
solar collectors. The performance differences between pure water and Al2O3-water nanofluid 
as working fluid inside the solar thermal collector have been experimentally measured and 
verified. A modified flat panel solar thermal collector, to avoid sedimentation of solid phase, 
has been used; due to its capability of drastically reducing nanofluid sedimentation inside the 
tubes, this solar collector made possible to carry out experiments with high nanoparticle 
concentration (Al2O3–distilled water based nanofluid at 3% in volume fraction). 
The efficiency was calculated at various reduced temperature differences to which correspond 
different solar irradiance and inlet temperature in the solar collector. From the obtained and 
reported experimental results, it is evident that, by using the Al2O3-based nanofluid, the 
efficiency of flat panel solar thermal collector increases. Besides, from the experimental 
results, it has been calculated that the zero loss collector efficiency of solar thermal collector 
with Al2O3–distilled water based nanofluid is 7% higher than that with distilled water. 
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